The initial recognition and binding of adenovirus vector to the host cell surface is mediated by interaction between the adenovirus fiber knob protein and its receptor, the coxsackievirus and adenovirus receptor (CAR). This natural tropism of adenovirus vector needs to be ablated in order to achieve targeted gene transfer. To this end, we noted that adenovirus serotype 40 (Ad40) contains two distinct long and short fibers; the short fiber is unable to recognize CAR, while the long fiber binds CAR. We generated adenovirus serotype 5-based mutants with chimeric Ad40-derived fibers, which were composed of either long or short shafts together with CAR binding or nonbinding knobs. The capacity of these adenovirus mutants for in vitro and in vivo gene transfer to liver cells was examined. In the case of primary human hepatocytes displaying a high expression level of CAR and ␣v integrin, both CAR binding ability and fiber shaft length played important roles in efficient transduction. Most significantly, the high transduction efficiency observed in the liver and spleen following intravenous administration of adenovirus vector was dramatically reduced by both ablation of fiber-CAR interaction and the use of replaceable short fiber. In other tissues displaying a low level of transduction, no significant differences in transduction efficiency were observed among adenovirus vector mutants. Furthermore, incorporation of a 7-lysine-residue motif at the C-terminal end of CAR-nonbinding short fiber efficiently achieved transduction of target cells via the heparan-containing receptor. Our results demonstrated that the natural tropism of adenovirus in vivo is influenced not only by fiber-CAR interaction but also by fiber shaft length. Furthermore, our strategy may be useful for retargeting adenovirus to particular tumors and tissue types with specific receptors.
Because adenovirus vectors are capable of efficiently delivering genes to a variety of cell types, they have been used in a number of gene therapy approaches (14, 42) . The initial recognition and binding of adenovirus vector to the host cell surface is mediated by interaction between the adenovirus fiber knob protein and the coxsackievirus and adenovirus receptor (CAR) (3, 32, 40) . However, the natural tropism of adenovirus vector for CAR makes it impossible to restrict gene delivery to specific cells in an efficient and safe manner. This natural tropism may limit widespread application of adenovirus vectors. Therefore, several studies have focused on ablation of adenovirus vector tropism as a first step to redirection of adenovirus vectors to specific cell and tissue targets (2, 4, 10, 18, 19, 20, 33) .
A number of strategies to alter adenovirus vector tropism have been based on modification of viral capsid protein, in particular fiber protein (48) . Chimeric vectors containing adenovirus serotype 3 (Ad3) (38) , Ad7 (12) , Ad11 (37), Ad17 (6), or Ad35 (35, 36) fibers instead of Ad5 fiber, which recognize receptors other than CAR, resulted in infection through CARindependent pathways. Furthermore, it was noted that the natural tropism of Ad5 was removed by altering specific amino acid residues in the fiber knob that are involved in CAR binding (2, 4, 18, 19, 20, 33) .
It is well known that intravenous administration of an adenovirus vector results mostly in hepatocyte transduction (2, 10, 16, 20) . This liver tropism prevents adenovirus vectors from being used to target other cell types by intravenous injection. Nevertheless, intravenously administered CAR interaction-deficient adenovirus vectors primarily localized to the liver, similar to the wild-type Ad5 vector (2, 20) . Other factors apart from CAR interaction may play a significant role in the liver tropism displayed by adenovirus vectors. In this context, it has recently been reported that removal of both CAR and integrin interaction leads to effective reduction of liver tropism (10) .
We noted that Ad40 contains two distinct long and short fibers (7, 17, 22, 32, 39) . The shaft domain from the Ad40 short fiber contains 12 ␤ sheets, while its knob region was hypothesized not to bind to any receptor, including CAR. On the other hand, the shaft from the Ad40 long fiber contains 21 ␤ sheets, while its equivalent knob region can bind CAR (32) . Interestingly, the N-terminal tail regions of the Ad40 short and long fibers, which are involved in incorporating the fiber into the penton base (7, 8) , are more analogous to the corresponding amino acid sequence regions of the Ad5 fiber than to other adenovirus serotypes (7) . As shown in Fig. 5 , the adenoviral fiber could be incorporated into the penton base in Ad5 capsid. In addition, the CAR-binding knob from both Ad5 and Ad40 long fibers begin with a TLWT hinge sequence, whereas the CAR-nonbinding knob from the Ad40 short fiber begins with a TIWS hinge sequence. These data provide evidence to support the hypothesis that the Ad40 short fiber has evolved from the Ad5 fiber (17) , suggesting that the Ad40 short fiber may be a natural fiber mutant.
In this study, we generated fiber mutant Ad5 carrying an Ad40 short fiber instead of the Ad5 wild-type fiber. We demonstrate here that this genetic modification reduced the native tropism of Ad5 both in vitro and in vivo. Next, in order to test whether a ligand incorporated into the Ad40 short fiber could act on its target receptor, we chose a positively charged sevenlysine-residue (K7) motif which binds to the heparan-containing receptor (20, 46, 47) . Our results showed that the reduced infectivity could be restored by incorporation of the K7 motif at the C-terminal end of the Ad40 short fiber. Modification of the adenovirus capsid protein via use of the Ad40 short fiber ablated CAR binding and introduced a novel tropism. The finding that the capsid-modified adenovirus, i.e., with tumorspecific ligands, can efficiently infect tumor cells via its target receptor may have significant implications for the development of this vector for gene therapy.
The corresponding DNA sequence encoding the chimeric fiber of F/405 was generated by PCR amplification, with pSKIIϩ6.7R-2/T as the template, with the primers 5Ј-CAG GCC TCC AAT TTG ACA ATA ACG GAC GCA TTA CCA  TTA GTA ATC GCA TCC AGA CTC GAG GTG TAA CAT CCC TCA CTA  CTT TGT GGA CCA CAC CAG CTC C-3Ј and 5Ј-ATA ACA CAA ACG ATT  CTT TA-3Ј . The StuI-and BamHI-digested PCR product was subcloned into pSKIIϩ6.7R-2/T/40S at the corresponding restriction sites, resulting in pWE6.7R F/405.
The 3Ј end of the Ad40 short fiber coding region was followed by a linker segment plus a seven-lysine-residue oligopeptide motif. The 3Ј portion of the Ad40 short fiber coding sequence, minus its native stop codon, was generated by PCR amplification with pSKIIϩ6.7R-2/T as the template and primers 5Ј-CCG GAA TTC GGT ACC  GGC CTC CAA TTT GAC AAT AAC GGA CGC ATT-3Ј and 5Ј-CGC GGA  TCC TTG TTC AGT TAT GTA GCA AAA TAC AGC-3Ј . BstXI-and BamHIdigested PCR product was subcloned into pSKIIϩ6.7R-2/T/40F as described above, resulting in pSKIIϩ6.7R-2/T/40S-minus.
The DNA sequence encoding the linker region and K7 motif was generated by PCR amplification with pWE6.7R F/wt-2 as the template and primers 5Ј-CGA GAT CTG GTT CAG GCA GTG GAT CCG GAT CTA AAA AGA AGA AAA AGA AGA AGT AAG TCG ACA AGA ATA AAG AAT CG-3Ј and 5Ј-GTT GAG CAA CCG CAA GTT GGA CAG-3Ј. The generated PCR product was digested with BamHI and AflII and subcloned into the XbaI and AflII sites of pWE6.7R F/40S by three-part ligation, together with the XbaI-and BamHI-digested fragment of pSKIIϩ6.7R-2/T/40S-minus, resulting in pWE6.7R F/40S-K7. The predicted amino acid sequence of the C terminus of the F/40S-K7 fiber is P 377 TAVFCYITEQ 387 PSASASASAPGSGS 401 KKKKKKK 408 , whereas the N-terminal 387 amino acids are from the Ad40 short fiber, followed by the linker region and the K7 motif.
The 25-kbp EcoRI fragment of pAxKM (26) , including Ad5 genomic DNA, was subcloned into the EcoRI site of pWE6.7R-F/40SL, -F/40S, -F/540S, -F/405 and -F/40-K7, resulting in the cosmids pWEAxKM-F/40SL, -F/40S, -F/540S, -F/405, and -F/40-K7, respectively. F/wt (26) is human adenovirus type 5 in which the E1A and E1B genes have been replaced with the lacZ gene under the control of a CAG promoter (28) . Corresponding fiber mutant adenoviruses expressing the lacZ gene, F/40SL, F/40S, F/540S, F/405, and F/40-K7, were generated with DNA from the above-mentioned cosmids as described previously (26) .
The resulting recombinant adenoviruses were propagated within the 293 cells and purified by CsCl equilibrium centrifugation as described previously (15) . Purified virion preparations were dialyzed against 10 mM phosphate-buffered saline (PBS)-10% glycerol and finally stored at Ϫ80°C. Viral particle numbers (particles per milliliter) were calculated from measurements of optical density at 260 nm (OD 260 ) (23); infectious titers (PFU per milliliter) were determined by plaque assay with 293 cells (15) .
Recombinant proteins. The generation of the recombinant fiber knob and penton base was performed as described previously (26) . Each recombinant baculovirus was generated by cotransfection of baculovirus DNA and either pAcHLT-C/Fwt (26) or pAcHLT-A/PB (26) into Sf9 cells, according to the protocol provided by the manufacturer (Pharmingen, San Diego, Calif.). Recombinant Ad5 fiber knob and Ad2 penton base proteins were expressed and purified as described previously (26) . Briefly, His-tagged recombinant proteins were produced in Sf9 cells infected with baculovirus, followed by affinity purification with Ni-nitrilotriacetic acid-agarose according to the recommendations of the manufacturer (Qiagen).
Monoclonal antibodies. Anti-CAR monoclonal antibody RmcB (3) was obtained from J. M. Bergelson (The Children's Hospital of Philadelphia, Philadelphia, Pa.). Anti-␣ v ␤ 3 integrin monoclonal antibody LM609 and anti-␣ v ␤ 5 integrin monoclonal antibody P1F6 were purchased from Chemicon International, Inc. (Temecula, Calif.) and Gibco-BRL (Gaithersburg, Md.), respectively. Control mouse immunoglobulin G (IgG) and fluorescein isothiocyanate-conjugated goat anti-mouse IgG were purchased from Sigma and Santa Cruz, respectively.
Flow cytometric analysis. Cells grown in 10-cm dishes were washed twice with PBS and resuspended in ice-cold PBS containing 2% fetal bovine serum at a concentration of 10 5 cells/ml. The cells were then incubated for 30 min on ice with a 1:1,000 final dilution of primary antibody ascites RmcB, 7 g/ml each of primary antibody LM609 or P1F6, or normal murine IgG (negative control). Subsequently, the cells were washed with 2% fetal bovine serum-PBS and incubated for an additional 30 min with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (2.5 g/ml). After washing with 2% fetal bovine serum-PBS, the cells were analyzed by flow cytometry with a FACScan system with CellQuest software according to the manufacturer's instructions (Becton Dickinson, San Jose, Calif. 
Assay of inhibition of adenovirus vector infection.
Approximately 10 5 cells in monolayers were incubated in medium with or without recombinant Ad5 fiber knob and Ad2 penton base protein as well as various amounts of soluble heparin (Sigma). The cells were incubated with recombinant adenovirus vector and washed with medium to remove the unbound virus, followed by addition of culture medium. After incubation at 37°C for 18 h, ␤-galactosidase activity was determined as described above.
Animal experiments. The adenovirus vector (2 ϫ 10 10 particles) or PBS alone was administered intravenously to C57BL/6 mice. At 2 h postinjection, the animals were killed, and total DNA was extracted from different organs with the Dneasy tissue kit (Qiagen) and assessed by quantitative TaqMan PCR (see below). To detect transgene expression, the animals were killed 4 days postinfection, and LacZ activity in the tumor and various tissues was measured with the Galacto-Light Plus kit as described previously (34) .
TaqMan PCR analysis. The amount of adenovirus genomic DNA in the different organs was quantified with the TaqMan fluorogenic detection system (ABI Prism 7700 sequence detector; Perkin-Elmer Applied Biosystems) as described previously (10) . Briefly, samples were prepared with isolated DNA templates from each organ (50 ng) and amplified in 50-l reactions for 40 cycles with the QuantiTect Probe PCR (Qiagen) kit. Data were collected by continuous fluorescence monitoring and processed with sequence detection system software according to the manufacturer's instructions (Perkin-Elmer Applied Biosystems).
Cyto-electron microscopy. All purified viral samples were negatively stained with 1% uranyl acetate as described previously (43) and viewed with a JEOL JEM-1010 transmission electron microscope at 100 kV according to the manufacturer's instructions.
RESULTS
Construction and production of chimeric fiber mutant adenovirus vectors. We generated Ad5-based mutants with chimeric fibers. As shown in Fig. 1 , each chimeric fiber protein was incorporated into the Ad5 capsid. F/40SL carries the two distinct short and long fibers of Ad40 instead of the Ad5 fiber, while F/40S contains only the Ad40 short fiber. F/540S is composed of the tail and shaft domains from the Ad5 fiber and the knob domain from the Ad40 short fiber, while F/405 is composed of the tail and shaft domains from the Ad40 short fiber and the knob domain from the Ad5 fiber. Recombinant viruses expressing the lacZ gene under the control of a CAG promoter were successfully propagated within 293 cells. There was no evidence of contamination of the viral preparations with E1, as determined by PCR amplification. The correct open reading frame of each of the chimeric fibers was confirmed by DNA sequence analysis (data not shown).
All viral stocks were prepared at the same time, and experiments were carried out in a parallel fashion. Particle numbers and infectious titers of adenovirus vector preparations are shown in Table 1 . Each chimeric fiber mutant adenovirus vector was readily propagated in 293 cells, with approximately the same number of viral particles produced as by the control, F/wild-type (F/wt). In contrast, the infectivity of F/40S and FIG. 1. Schematic representation of chimeric fiber proteins incorporated into Ad5 capsid. The adenovirus fiber can be divided into three domains, tail, shaft, and knob. The long shafts from the Ad5 and Ad40 long fiber contain 22 and 21 ␤ sheets, respectively; the short shaft from the Ad40 short (40S) fiber contains 12 ␤ sheets. The N-terminal knob domains from the Ad5 and Ad40 long (40L) fiber begin with a TLWT hinge sequence and bind to CAR, whereas the N-terminal knob domain from the Ad40 short fiber begins with a TIWS hinge sequence and is unable to bind to CAR. F/540 was two or three orders of magnitude lower than that of F/wt, F/40SL, and F/405, as shown by an increased particle/ PFU ratio (see Discussion).
In vitro transduction properties of chimeric fiber mutant adenovirus vectors: use of primary human hepatocytes. The initial recognition and binding of adenovirus vectors to the host cell surface is mediated by interaction between the adenovirus fiber knob protein and its receptor, CAR. This interaction with CAR needs to be ablated in order to achieve targetable adenovirus vector-based gene transfer. To this end, we noted that Ad40 contains two distinct long and short fibers; the short fiber is unable to recognize CAR, while the long fiber binds CAR. It has been hypothesized that replacement of the Ad5 fiber with that of Ad40, via genetic manipulation, leads to ablation of the natural CAR-binding tropism of Ad5. Therefore, we generated four kinds of chimeric fiber mutant adenovirus vector with Ad40 fiber and investigated the transduction properties of these adenovirus vector mutants.
Since intravenous administration of adenovirus vector is well known to result mostly in hepatocyte transduction (2, 10, 16, 20) , we examined the efficiency of gene transfer to primary human hepatocytes of the generated adenovirus vector mutants. First, we evaluated the relative expression levels of CAR as well as ␣ v ␤ 3 -and ␣ v ␤ 5 -type integrins in primary hepatocytes by flow cytometry. The hepatocytes displayed a high expression level of CAR and ␣ v ␤ 5 -type integrins and slight expression of ␣ v ␤ 3 -type integrins ( Fig. 2A) . To test whether replacement of the endogenous fiber would affect the infectivity of the chimeric adenovirus vector mutants, the efficiency of gene transfer to primary hepatocytes was examined at a multiplicity of infection of either 100 or 1,000 particles/cell.
LacZ-expressing adenovirus vectors F/wt (containing wildtype Ad5 fiber) and F/40SL efficiently infected the CAR-and ␣ v -integrin-positive hepatocytes. Interestingly, the degree of gene transduction exhibited by F/405 was Ͼ20-fold lower than that of F/wt, even though F/405 is composed of the Ad40 short fiber shaft and CAR-binding Ad5 fiber knob. Regarding adenovirus vector mutants containing the CAR-nonbinding Ad40 short fiber, F/40S and F/540 were Ͼ40-fold and Ͼ10-fold lower, respectively, than F/wt in transduction efficiency. These results suggest that adenovirus-mediated infection of primary human hepatocytes is influenced not only by fiber-CAR interaction but also by fiber shaft length (Fig. 2B) .
To determine the specificity of gene transduction with the chimeric fiber adenovirus vector mutants, we used recombinant fiber knob or penton base proteins as competitors in the hepatocyte transduction studies. As shown in Fig. 2C , the Ad5 fiber protein blocked Ͼ90% of gene transduction observed with F/wt, F/40SL, and F/405 (each carrying the CAR-binding fiber knob), whereas Ad5 fiber protein did not block transduction of CAR-nonbinding F/40S or F/540. These results showed that the CAR-mediated entry pathway is responsible for the infectivity of CAR-binding F/wt, F/40SL, and F/405. In contrast, the Ad2 penton base protein blocked gene transduction by 82% in the case of F/40S and partially inhibited gene transduction of F/40SL and F/540 by 47% and 55%, respectively (Fig. 2C) . These data demonstrated that the integrin-mediated entry pathway is mainly responsible for the infectivity of CARablated F/40S and may be at least partially involved in the infectivity of F/540. These results also showed that for F/40SL, the CAR-mediated and integrin-mediated entry pathways depend on the Ad40 long and short fibers, respectively.
Biodistribution of chimeric fiber mutant adenovirus vectors. Tropism to the liver prevents adenovirus vectors from being used to target specific cells by intravenous injection. To address this question, we evaluated the in vivo biodistribution of CAR-binding and CAR-ablated chimeric fiber adenovirus vector mutants. The adenovirus vector (2 ϫ 10 10 particles) or PBS was administered intravenously to C57BL/6 mice. At an early stage (2 h) post-adenovirus injection, more than 80% or 10% of the total viral DNA was detected in the liver and spleen, respectively, with no significant difference in the amount of viral DNA being found between CAR-binding and CAR-ablated adenovirus vector mutants (Fig. 3) . Less than 10% or 1% of the viral DNA was detectable in the lung or heart and kidney, respectively. The viral DNA in the lung, heart, and kidney was reduced with F/40SL or F/40S, both of which carry the Ad40 short fiber. In addition, viral DNA was nearly undetectable in the intestine.
On the other hand, at a late stage (4 days) after intravenous administration, the majority of LacZ expression was detected in the liver, with expression levels being two or more orders of magnitude higher than that found in other tissues (Fig. 4) . Most importantly, no differences in transduction efficiency in the liver were found among CAR-binding F/wt and F/40SL and CAR-ablated F/540. In contrast, the transduction efficiency observed with CAR-binding F/405 and CAR-ablated F/40 was The expression pattern of adenovirus vector mutants in the spleen was similar to that observed in the liver. While no significant difference in terms of transduction efficiency was found between F/wt, F/40SL, and 540S, the level of gene transduction observed with CAR-binding F/405 and CAR-ablated F/40S was about 5-and 13-fold lower, respectively, than with F/wt. In other tissues, such as the lung, heart, kidney, and intestine, where the level of transgene expression was less than 0.1% compared with F/wt, no significant difference in transduction efficiency was observed among the adenovirus vector mutants. These results demonstrate that the natural tropism of adenoviruses to the liver and spleen is influenced not only by fiber-CAR interaction but also by fiber shaft length. In addition, we generated cyto-electron micrographs of F/wt and F/40S, which displayed a reduced level of transduction to the liver. As shown in Fig. 5 , F/wt has the long fiber of wild-type Ad5. The short fiber of F/40S, as in the case of the long fiber, could also be incorporated into the Ad5 capsid.
Incorporation of alternative ligand into chimeric fiber mutant F/40S. The second requirement for targeted adenovirus vectors is the ability to recognize specific receptors expressed on the surface of target cells. We hypothesized that retargeting of adenovirus vectors could be achieved by genetically incorporating a high-affinity ligand that does not recognize CAR into the C-terminal end of the Ad40 short fiber. To this end, we chose a positively charged seven-lysine-residue motif which binds to the heparan-containing receptor (20, 46, 47) . As shown in Table 1 , adenovirus vector with the K7 motif added at the C-terminal end of the Ad40 short fiber (F/40S-K7) achieved enhanced infectivity on heparan sulfate-containing 293 cells (particle/PFU ratio ϭ 124), compared with F/40S (particle/PFU ratio ϭ 1,393).
Furthermore, we investigated whether F/40S-K7 could be retargeted to recognize glioblastoma cells. In the glioblastoma cell lines U251 and U373, F/40S showed a low level of gene transduction. In contrast, the retargeted F/40S-K7 dramatically improved the extent of gene transduction, which was comparable to the transduction efficiency seen with F/wt (Fig. 6B) . As shown in Fig. 6C , the Ad5 fiber protein blocked Ͼ90% of gene transduction observed with F/wt, whereas Ad5 fiber protein did not block transduction of F/40S-K7. In contrast, when a competition experiment was performed under conditions in which the U251 cells were preincubated with competitor (heparin) and infected in the presence of heparin, the transduction of F/40S-K7 was blocked in a dose-dependent manner, while that of F/wt was not (Fig. 6D) . These results demonstrated that incorporation of the K7 motif into the C-terminal end of the Ad40 short fiber efficiently achieved adenoviral infection towards target cells via the heparan-containing receptor but not CAR.
DISCUSSION
Both ablation of fiber-CAR interaction and use of replaceable short fiber were found to reduce natural adenovirus tropism to the liver, as determined with four different kinds of chimeric fiber mutant adenovirus vector. After titration of total adenovirus vector concentration (calculated from optical density measurements at 260 nm), the same physical particle titers (approximately 10 12 particles/ml) were shown for each of the different viruses. In contrast, the titers, which show infectivity and replication of adenovirus vectors in 293 cells, correlated with the presence of the CAR-nonbinding Ad40 short fiber protein. The ratio of biologically infectious adenovirus to the total virion number (particle/PFU ratios) in the case of F/40S and F/540S containing the CAR-nonbinding fiber knob protein was two orders of magnitude lower than that of F/wt, F/40SL, and F/405 carrying the CAR-binding fiber knob. These results confirmed the critical role of the fiber-CAR interaction in adenovirus vector-mediated infection of 293 cells. We also found that, when propagated in 293 cells, F/40S and F/540S formed plaques at a slower rate than F/wt, F/40SL, and F/405. Despite this slow formation of plaques, the plaque morphology exhibited by use of F/40S and F/540S was similar to that seen with F/wt, F/40SL, and F/405. These data suggest that F/40S and F/540S were able to infect, albeit inefficiently, via an alternative route not requiring CAR interaction and were capable of propagating in 293 cells in a standard fashion.
It has been reported that the natural tropism of Ad5 is ablated by altering specific amino acid residues that are involved in CAR binding in the fiber knob protein (2, 4, 18, 19, 20, 33) . These studies demonstrated that the residues within the CAR-binding region that were directly involved in interaction were located in the AB loop, the B ␤-sheet, and the DE loop, while the residues indirectly involved were located in the FG loop. On the other hand, the infectivity of Ad5 has reported to be influenced not only by fiber-CAR interaction but also by other factors, such as the length of the fiber shaft domain (35) . To test this concept, we used the short fiber of Ad40, which is hypothesized not to bind to any receptor, including CAR (32) . As expected, the transduction efficiency in primary human hepatocytes of F/40S containing short CARnonbinding fiber was 40-fold lower than that observed with F/wt. On the other hand, the transduction efficiency of adenovirus vector mutants containing either CAR-binding short fiber or CAR-nonbinding long fiber was 20-and 10-fold lower, respectively, than that displayed by F/wt.
Furthermore, we determined the specificity of transduction with chimeric fiber adenovirus vector mutants in primary hepatocytes. The CAR-mediated entry pathway was critically responsible for the infectivity of CAR-binding F/wt and F/405. In contrast, the integrin-mediated entry pathway was mainly responsible for the infectivity of CAR-ablated F/40S and may be at least partially involved in determining the infectivity of F/540. The infectivity of F/40SL with both CAR-binding and CAR-nonbinding fiber depended on the two pathways, suggesting that only one fiber is incorporated into the Ad5 penton base, as in the case of Ad40 (17) . Taken together, these results demonstrate that the differences in the transduction efficiencies observed with F/40S, F/540S, and F/405 were associated with fiber shaft length as well as CAR-binding ability and suggest that the short fiber plays an important role in reducing adenovirus vector native tropism.
Recently, Shayakhmetov et al. demonstrated that to achieve efficient infection via both fiber-CAR and RGD-integrin interactions, CAR-binding fiber requires a long shaft, such as that present in Ad5, which maintains the appropriate distance between the penton-localized RGD motif and CAR-binding knob (35) . This concept was consistent with our results in that even if F/405, which has a CAR-binding short fiber, can infect via the fiber-CAR interaction, the level of gene transduction was reduced compared with its long-shafted counterpart, F/wt. Notably, the transduction efficiency of F/40S was reduced a further fourfold compared with that displayed by F/540S even though both mutants contain the CAR-ablated Ad40-derived short fiber knob. In addition, transduction mediated by F/40S was more susceptible to inhibition by penton base protein than that of F/540S (82% versus 55%).
Another difference between the two adenovirus vector mutants, apart from fiber shaft length, lies within the N-terminal tail region of the fiber, which takes part in incorporating the fiber in the penton base (7, 8) . Since the tail of F/540 is derived from Ad5 fiber, it should be stably incorporated into Ad5 capsid. In the case of F/40S, the tail from the Ad40 short fiber may impact the interaction with the Ad5 penton base. In contrast to the fiber shaft and knob regions, the tail region is highly conserved among human adenovirus serotypes. In this context, it has been reported that the Ad5 fiber can be incorporated into the penton base of Ad3 particles (44) . In addition, considering that the amino acid sequences of the Ad40 short and long fibers are more analogous to corresponding Ad5 fibers than fibers from other adenovirus serotypes (7), the Ad40 short fiber would be expected to incorporated into the Ad5 penton base in a similar manner to the Ad5 fiber.
Electron microscopy results confirmed that the Ad40 short fiber could be incorporated into the Ad5 capsid. On the other hand, a specific receptor for the Ad40 short fiber may contribute to infectivity. To test for this possibility, we demonstrated that neither F/40S nor F/540, which contain Ad40 short fiber, showed enhanced transduction efficiency in several human tumor cell lines, including A549, Colo320, HeLa, and HLF cells (data not shown), and in various tissues after systemic administration. In particular, although Ad40 is known to be associated with infantile gastroenteritis (39), intravenously administered adenovirus vector mutants do not exhibit intestinal transduction. This suggests that the Ad40 short fiber does not contribute to the natural tropism of Ad40. In the case of the A549 lung tumor cell line, which is positive for both CAR and ␣v integrin, the reduced transduction efficiency displayed by F/40S and F/540 was blocked by penton base protein but not by the recombinant Ad5 fiber protein or Ad40 short fiber (data not shown). These results support the concept that the cellular receptor recognized by the Ad40 short fiber of adenovirus vector mutants does not exist in vitro and in vivo. Taken together, these data indicate that the difference in transduction efficiency exhibited by the adenovirus vector mutants was related to fiber shaft length, although the elucidation of the exact mechanism(s) requires additional experiments.
It is very significant that while no differences in transduction efficiency were found in the liver among F/wt, F/40SL, and F/540S, the transduction efficiency observed with CAR-binding F/405 and CAR-ablated F/40S was about 4-and 64-fold lower, respectively, than with F/wt. In the spleen, which displayed the second highest degree of LacZ expression after the liver, the transduction efficiency observed with CAR-binding F/405 and CAR-ablated F/40 was about 5-and 13-fold lower, respectively, than that of F/wt, while no significant differences in transduction efficiency were found among F/wt, F/40SL, and F/540S. In other tissues with low levels of transgene expression, such as the lung, heart, kidney, and intestine, no significant differences in transduction efficiency were observed among adenovirus vector mutants.
To clarify the observed differences, we compared the biodistribution in vivo of each recombinant adenovirus by measuring the amount of viral DNA present at an early stage after injection. More than 80% of the viral DNA was detected in the liver, while 10% was detectable in the spleen. Notably, in both tissues, no significant differences in the amount of viral DNA were found between CAR-binding and CAR-ablated adenovirus vector mutants. The viral DNA copy number and expression pattern of adenovirus vector mutants observed in the spleen were similar to those seen in the liver. It is known that most of the intravenously injected adenovirus localizes to the macrophages of the liver and spleen (21, 49) . In addition, Alemany et al. demonstrated that more than 99% of the adenovirus in blood was cleared by the reticuloendothelial system, within mainly Kupffer cells, in the first hour after injection (1) . Based on these observations, our results indicate that the earlyphase biodistribution of circulating adenovirus vector in the liver and spleen does not depend on CAR-dependent entry but is influenced by the size and charge of the adenovirus (22) .
In this context, it has been reported that CAR-and ␣v integrin-independent interactions are closely related to the in vivo tropism of Ad5 after systemic administration (11, 50) . Thus, the observed changes in the biodistribution of adenovirus vector mutants containing CAR-binding or CAR-ablated short fiber could be seen at a later stage following intravenous administration. In contrast to our strategy of using the Ad40 short fiber, the liver distribution of CAR-nonbinding virus having a genetic mutation of the Ad5 fiber was not altered compared with that of F/wt (2, 20) . We also observed a similar phenomenon in that no differences in transduction of the liver and spleen were found between F/wt and F/540 carrying a CAR-nonbinding knob instead of the Ad5 fiber.
The difference in terms of shaft length may be one of the keys to understanding the mechanism of adenovirus vector native tropism to the liver and spleen. In the case of the Ad5 vector with a CAR-binding short-shafted fiber, such as that from Ad8 and Ad9, the exposed loops of hexon from Ad5 are highly negatively charged compared to each original adenovirus serotype (35) . This suggested that the charge-dependent repulsion between the hexon of the Ad5 capsid and acidic cell surface proteins could prevent efficient transduction via CARor ␣v integrin-mediated binding (35) . It should be noted that the entire capsid of Ad40 is considerably less negatively charged than the Ad5 virion due to lack of the highly acidic region present in Ad5 (41) . From these observations, we postulated that when the Ad40 short fiber is incorporated into the Ad5 capsid, the adenovirus vector mutant should become strongly negatively charged.
Since many tissues, including the liver and spleen, commonly contain proteins with acidic residues at the cell membrane or in the extracellular matrix, electronic repulsion may be responsible for reducing the natural tropism of adenovirus vector mutants. This hypothesis was supported by our findings in both liver and spleen tissue. The level of gene transduction displayed by F/405, which has a CAR-binding short fiber, was reduced compared to that of F/wt, which has a CAR-binding long fiber. The CAR-nonbinding short-shafted F/40S further decreased the efficiency of transduction compared to F/405, although the CAR-nonbinding, long-shafted F/540S demonstrated the same degree of transduction as exhibited by F/wt. Taken together, these results demonstrated that the natural tropism of adenoviruses to the liver and spleen is influenced by not only fiber-CAR interaction but also fiber shaft length.
When conventional adenovirus vectors are applied systemically, the great majority of the vector viruses are distributed to the liver (2, 10, 16, 20) . This liver tropism prevents adenovirus vectors from being used to target specific cells by intravenous administration. To address this question, we generated chimeric fiber mutants with CAR-nonbinding short fiber and demonstrated that the efficiency of transduction to the liver (and spleen) was reduced up to 64-fold in the chimeric adenovirus vector compared with control Ad5 vectors. Recently, VOL. 77, 2003 PLATFORM USING Ad40 SHORT FIBER FOR TARGETED Ad VECTOR 2519
Einfeld et al. showed that a combined CAR-and ␣v integrinnonbinding adenovirus vector resulted in a Ͼ700-fold decrease of gene transduction to the liver, while the CAR-nonbinding adenovirus vector alone displayed only a 10-fold decrease in transduction efficiency (10) . Therefore, the construct F/40S, with the possibility of integrin interaction having been removed, might be more useful in terms of ablating infection to the liver. However, the penton base-␣v integrin interaction has been reported to play important roles in viral internalization on the cell surface via receptor-mediated endocytosis as well as in cell signaling and in release of viral cores from endosomes (27) . In this regard, when integrin interaction-ablated adenovirus vectors were used as in vivo targeting vectors, either the incorporated ligands and/or the targeting receptor may also be required to facilitate internalization via endocytosis. Alternatively, it has been noted that transcriptional targeting, including the use of a cell type-specific promoter, was applied to adenovirus vectors with a bispecific molecule which blocks the CAR interaction and recognizes a targeting receptor (9, 31) . This adenovirus vector with only the biospecific molecule for targeting to angiotensin-converting enzyme resulted in a 67% reduction in liver transduction following systemic administration (31) . Considering that gene transduction of the liver by F/40S carrying CAR-ablated short fiber could be reduced to 98% of that of the control F/wt, the residual liver transduction may be overcome by transcriptional targeting.
The purpose of this study was to develop targeted adenovirus vectors via genetic manipulation in the hope of restricting gene delivery to specific cells both efficiently and safely. Several strategies have been reported to ablate CAR binding and introduce novel tropisms in cultured cells by incorporating specific ligands into the Ad5 fiber with a CAR-nonbinding mutation (20, 33) , although further modifications would be necessary for in vivo targeting applications. In this study, we demonstrated that the reduced infectivity of the CAR-nonbinding F/40S was restored in vitro by the incorporation of a K7 motif into the C-terminal end of the Ad40 short fiber. In addition, competition experiments clearly showed that F/40S with the K7 peptide achieved ligand-mediated infection via the heparan sulfate receptor.
The very low infectivity of F40/S appears to be due to the lack of the first step of adenovirus infection, i.e., attachment of the fiber to CAR, but not due to critical impairment of the subsequent steps, such as internalization (45) , intracellular trafficking (24) , and endosome escape (25) . This was also supported by our results showing that ␣v integrin-mediated transduction of F/wt in CAR-negative primary human dermal fibroblasts was comparable to that of F/40S (data not shown).
Finally, our studies focused on tumor-specific gene transduction by systemic delivery. The phage display system is a powerful tool to identify multiple peptide ligands that could be used to specifically target adenovirus vectors to particular organs, such as the brain, lungs, skin, kidneys, and pancreas (29, 30) , as well as various kinds of tumors in vivo (5, 13) . Modification of the capsid protein of adenovirus by the Ad40 short fiber ablated CAR binding and introduced a novel tropism. If a variety of other peptide ligands work just as well as the K7 peptide in the 40S fiber, our strategy would be very useful for the development of targeted adenovirus vectors. Although improvements remain to be made, further modifications, including the use of transcriptional targeting and ablation of the ␣v integrin-interaction, should lead to more specific and efficient infection.
